The generation and release (shedding) of extracellular vesicles (EVs) by cells is now appreciated as a major mechanism by which cells communicate with their environment. Many cell types, ranging from embryonic stem (ES) cells[@b1][@b2] to highly malignant cancer cells[@b3][@b4][@b5], are capable of generating two different classes of EVs, called exosomes and microvesicles (MVs), which can be distinguished by a few physical characteristics as well as the underlying mechanisms responsible for their biogenesis[@b6][@b7][@b8]. Exosomes range in size from 30--100 nm and are derived from the re-routing of multivesicular bodies destined for degradation in the lysosome to the cell surface where they fuse with the plasma membrane and are released[@b7][@b9]. MVs, which are also referred to as ectosomes, microparticles, and when produced by cancer cells as tumour-derived MVs or oncosomes, tend to be considerably larger than exosomes (0.2--2 μm in diameter), and are formed and shed directly from the plasma membrane[@b8][@b10]. EVs have been attracting considerable attention because of the diversity of proteins and nucleic acids that they contain as cargo, including cell surface receptors, cytosolic and nuclear signalling proteins, extracellular matrix proteins, RNA transcripts, microRNAs and even DNA[@b11]. Moreover, they have the ability to transfer their contents to other cells where they stimulate signalling activities that lead to phenotypic and functional changes in the recipient cells[@b1][@b3][@b6][@b7][@b12][@b13][@b14]. EVs have been extensively studied in the context of cancer progression, where they have been shown to promote cell growth and survival as well as invasion and metastasis[@b3][@b8][@b12][@b14][@b15][@b16][@b17][@b18]. However, the importance of EVs in physiological processes is less well understood.

Embryo implantation is a complex process that involves the close communication and interaction between the maternal uterine environment and the blastocyst stage embryo[@b19][@b20]. A blastocyst is composed of two distinct cell types: the inner cell mass (ICM), which forms the embryo, and the trophectoderm, which surrounds the ICM and eventually forms the placenta[@b19]. The trophectoderm layer is responsible for initially attaching the blastocyst to the uterine lining, at which point, the trophectoderm, now referred to as trophoblasts, migrates and invades into the uterus to implant the embryo (that is, implantation). The trophoblasts then proliferate extensively and continue to migrate and invade into the uterus to create the placenta, which brings nutrients to the growing embryo[@b20]. These early developmental events are paramount for the establishment of a successful pregnancy, and errors that occur during implantation can have dire consequences. For example, failure of the trophectoderm to properly implant the embryo often results in spontaneous abortions, whereas improper placental formation has deleterious effects on later stages of pregnancy, potentially causing conditions such as pre-eclampsia and intrauterine growth restriction[@b21][@b22].

One of the major aspects of early embryogenesis that has been receiving a good deal of attention concerns to what extent the cells in the ICM of the blastocyst interact with their surroundings to shape fundamental physiological processes underlying normal development[@b23][@b24]. Here we examine how ES cells, which are derived from the ICM, engage in intercellular communication within the biological context of the blastocyst stage embryo and its implantation into the uterus. We show, using *in vitro* approaches, that ES cells release MVs, which can activate signalling pathways in trophoblasts, leading to enhanced migration. This is accomplished through the interaction of fibronectin and laminin, two extracellular matrix proteins present on the ES cell-derived MVs, with integrins on the surfaces of the trophoblasts. Finally, we show that the injection of ES cell MVs into blastocysts enhances their implantation rates after the embryos are transferred into the uteruses of female mice.

Results
=======

ES cells generate and shed MVs
------------------------------

An important and as yet unanswered question is whether signalling between the cells that constitute the ICM and the surrounding layer of trophoblasts has a major influence on trophoblast function (that is, migration and/or invasion). As a first step towards addressing this question, we treated the HTR8/SVneo trophoblast cell line[@b25] with either ES cell base medium lacking serum and leukaemia inhibitory factor (LIF), or with the same base medium that had been first conditioned by adding it to cultures of the pluripotent, feeder layer-independent E14tg2a.4 ES cell line[@b26] ([Supplementary Fig. 1a,b](#S1){ref-type="supplementary-material"}) for 5 h, referred to as conditioned medium (CM). It is important to note that the ES cells were thoroughly rinsed with phosphate-buffered saline (PBS) just before being placed in base medium to ensure that the serum and LIF present in the typical ES cell growth medium was removed from the cells and that all components present in the CM were derived from the ES cells. Before being added to recipient cells (for example, trophoblasts), the CM collected was further processed using differential centrifugations to remove cells and cell debris. After treatment with either base medium or CM, the trophoblasts were immunoblotted to detect the phosphorylated (activated) and total forms of signalling proteins frequently implicated in promoting cell migration, including focal adhesion kinase (FAK), c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase 1/2 (ERK1/2)[@b27][@b28][@b29]. [Figure 1a](#f1){ref-type="fig"} shows that the CM (lane labelled ES cell CM) strongly upregulated the phosphorylation levels of FAK (P-FAK) and JNK (P-JNK) compared with cells that were cultured in the ES cell base medium alone (lane labelled Base medium).

Wound closure (migration) assays were then performed to determine whether ES cell CM stimulates trophoblast migration. Wounds were struck through confluent monolayers of HTR8/SVneo trophoblasts placed in ES cell base medium (medium lacking serum and LIF), or in the same medium supplemented with either the CM collected from ES cells or serum. While trophoblasts maintained in only the base medium exhibited minimal migration after 12 h, trophoblasts cultured in CM were capable of migrating into the wound to a degree comparable to that achieved on serum stimulation ([Fig. 1b,c](#f1){ref-type="fig"}). Inhibiting FAK and JNK activation blocked the ability of the ES cell CM to promote trophoblast migration, whereas inhibiting ERK activation had no effect ([Supplementary Fig. 2a--f](#S1){ref-type="supplementary-material"}).

Many types of cells are capable of forming and shedding EVs, including MVs and exosomes, into their surroundings. Moreover, we and others have previously shown that MVs and exosomes isolated from CM samples (for example, from cancer cells) are able to initiate a wide variety of changes in recipient cells, including the activation of cellular signalling events that promote cell growth, survival and migration[@b3][@b12][@b15][@b30][@b31][@b32]. Thus, we considered whether this unique form of cell--cell communication accounted for the ability of the CM from ES cells to affect the signalling activities and functions of trophoblasts.

Following the removal of cells and debris by differential centrifugation, the ES cell CM was analysed by dynamic light scattering (DLS) to determine the sizes of EVs present within these preparations. [Figure 1d](#f1){ref-type="fig"} shows that ES cells produced EVs of two distinct sizes, averaging ∼30 and ∼450 nm. The size of the smaller vesicles corresponds to that of exosomes, while the larger vesicles represent MVs. The CM was then passed through a filter with a 0.22-μm pore size ([Fig. 1e](#f1){ref-type="fig"}). The filter only retained vesicles larger than 0.22 μm in diameter (that is, the MVs), while the smaller exosomes as well as soluble factors were not retained. The MVs were then rinsed extensively with PBS to ensure that any trace amounts of exosomes or soluble proteins remaining were removed from the MV preparation. MVs ranging from ∼350 to 800 nm in diameter were obtained ([Fig. 1f](#f1){ref-type="fig"}). Transmission electron microscopy performed on the isolated MVs showed individual vesicles with sizes that were consistent with the DLS analysis ([Supplementary Fig. 3a](#S1){ref-type="supplementary-material"}). Likewise, microscopy experiments using the lipid-binding fluorescent dye FM1-43fx also revealed MVs of varying sizes decorating the surfaces of a majority of the ES cell population ([Fig. 1g,h](#f1){ref-type="fig"}). The MV marker flotillin-2 ([Fig. 1i](#f1){ref-type="fig"}, top panel) was readily detected by immunoblot analysis of these MV preparations, while FAK (middle panel) was only found in the whole-cell lysates (WCL). Moreover, control experiments demonstrated that the MV isolation procedure efficiently removed soluble proteins (for example, growth factors) from our MV preparations ([Supplementary Fig. 3b](#S1){ref-type="supplementary-material"}). Collectively, the findings indicate that the ES cell-derived MV preparations were largely homogeneous and devoid of exosomes, cytosolic contamination, as well as freely secreted proteins.

ES cell MVs enhance trophoblast migration
-----------------------------------------

Because MVs from aggressive cancer cells activate signalling activities in different types of recipient cells[@b3][@b5][@b15][@b30], we examined whether MVs derived from ES cells could similarly affect trophoblasts, and in particular, if they were capable of activating the same protein kinases that were stimulated by the CM from ES cells. Indeed, we found that ES cell-shed MVs induced a time-dependent phosphorylation of FAK (P-FAK) and JNK (P-JNK), similar to when trophoblasts were incubated with the CM from ES cells ([Fig. 2a](#f2){ref-type="fig"}).

We then examined whether MVs generated by ES cells stimulated trophoblasts to form leading edges, a hallmark of polarized cell migration. Trophoblasts placed in serum-free medium, either lacking or supplemented with ES cell-derived MVs for 1 h, were stained for filamentous actin (F-actin) and Rac1, two proteins that localize at the leading edges of migrating cells[@b33][@b34]. The resulting fluorescence microscopy images of the trophoblasts cultured in serum-free medium showed that Rac1 was localized throughout the cell, with F-actin forming well-defined stress fibers ([Fig. 2b](#f2){ref-type="fig"}, left panels). However, the MV-treated trophoblasts exhibited a polarized morphology, with Rac1 being localized to discrete regions along their plasma membranes ([Fig. 2b](#f2){ref-type="fig"}, top right panel), and were largely devoid of detectable stress fibers. F-actin was aligned along the leading edges of the cells ([Fig. 2b](#f2){ref-type="fig"}, bottom right panel). Nearly 35% of the trophoblasts treated with ES cell-derived MVs showed well-defined leading edges, representing a greater than twofold increase compared with the untreated control cells ([Fig. 2c](#f2){ref-type="fig"}).

The ability of ES cell MVs to induce trophoblasts to form leading edges was accompanied by an enhanced migration as measured in wound healing assays, which was comparable to the stimulation obtained with serum ([Fig. 2d,e](#f2){ref-type="fig"}). We then set out to determine whether MVs from ES cells promoted blastocyst outgrowth, which is thought to reflect the implantation process and the ability of the trophectoderm in the blastocyst stage embryo to attach to a culture dish and migrate[@b35]. E3.5 blastocysts isolated from mice were randomly divided into two groups. One group was cultured in a dish containing blastocyst culture medium, while the second group was cultured in the same medium supplemented with MVs collected from ES cells. [Figure 2f](#f2){ref-type="fig"} shows representative images of blastocysts that were cultured in medium lacking (Control, left) or containing ES cell MVs (right) for 48 h, at which point they were stained with rhodamine-conjugated phalloidin to label F-actin and visualized by fluorescence microscopy. The trophoblasts in the blastocysts cultured with MVs showed enhanced migration, forming outgrowths that were at least threefold greater in area than their control counterparts ([Fig. 2g](#f2){ref-type="fig"}).

We then examined whether MVs generated by ES cells were uniquely capable of influencing trophoblast migration. We discovered that the HTR8/SVneo trophoblasts generated MVs of similar sizes and amounts as ES cells, as read out by DLS ([Supplementary Fig. 3c](#S1){ref-type="supplementary-material"}) and immunoblot analysis using the MV marker flotillin-2 ([Supplementary Fig. 3d](#S1){ref-type="supplementary-material"}). MVs could also be detected on the surfaces of trophoblasts stained with the FM1-43fx plasma membrane dye ([Supplementary Fig. 3e](#S1){ref-type="supplementary-material"}). However, MVs generated by HTR8/SVneo trophoblasts, when collected and added back to cultures of trophoblasts, were unable to promote their own migration ([Fig. 2h,i](#f2){ref-type="fig"}). Trophoblast MVs also failed to change the amount of blastocyst attachment and outgrowth compared with control outgrowths ([Supplementary Fig. 3f,g](#S1){ref-type="supplementary-material"}).

Laminin and fibronectin mediate the effects of ES cell MVs
----------------------------------------------------------

Since MVs isolated from ES cells are capable of rapidly (within 1 h) activating signalling events within recipient trophoblasts, as well as inducing leading edge formation, we suspected that proteins associated with the MVs were responsible for stimulating these outcomes, rather than transferred DNA or RNA transcripts, as phenotypic changes involving transcription and/or translation typically require several hours to occur. Therefore, a proteomic analysis was performed to identify the protein cargo of MVs isolated from the E14tg2a.4 ES cell line. A large number of proteins were detected ([Supplementary Data 1](#S1){ref-type="supplementary-material"}), with the 10 most abundant being listed in [Fig. 3a](#f3){ref-type="fig"}. The extracellular matrix proteins fibronectin and laminin α5 were especially noteworthy, given that fibronectin was previously shown to be essential for the growth- and survival-promoting activity of MVs from aggressive cancer cell lines[@b3], whereas laminin α5 knockout mice exhibited placental abnormalities[@b36]. These two extracellular matrix proteins were recently found to be expressed in the blastocyst at the time of implantation[@b37]. We confirmed the presence of both proteins in MVs derived from ES cells by immunoblot analysis ([Fig. 3b](#f3){ref-type="fig"}, top two panels, first and third lanes). While fibronectin was present in MVs derived from HTR8/SVneo trophoblasts, laminin α5 was not ([Fig. 3b](#f3){ref-type="fig"}, top two panels, third and fourth lanes), despite the fact that trophoblasts and ES cells express similar amounts of laminin α5 ([Fig. 3b](#f3){ref-type="fig"}, top two panels, first two lanes). Fibronectin and laminin function as ligands that activate receptors expressed by trophoblasts[@b38], with the α5β1 integrin complex serving as the receptor for fibronectin[@b39], while laminin binds to the 67 kDa laminin receptor, which acts as an integrin co-receptor for integrin α6 (ref. [@b40]). Moreover, fibronectin- and laminin-induced integrins signal through FAK and JNK[@b41][@b42]. Both of these protein kinases were activated in trophoblasts treated with MVs from ES cells, and are required for trophoblast migration, that is, trophoblasts incubated with either a JNK or FAK inhibitor failed to migrate in wound closure assays ([Supplementary Fig. 4a--d](#S1){ref-type="supplementary-material"}). Consistent with these findings, treating-isolated blastocysts with these same inhibitors also prevented their attachment and outgrowth onto a substrate ([Supplementary Fig. 4e](#S1){ref-type="supplementary-material"}).

To determine whether MV-associated fibronectin and laminin were responsible for activating FAK and JNK, we examined the effects of blocking their ability to engage their respective receptors on the surfaces of trophoblasts. The interaction of fibronectin with α5β1 integrins was disrupted using the RGD peptide[@b43], while the binding of laminin to its receptor was blocked using the YIGSR peptide[@b44]. Treating HTR8/SVneo trophoblasts with the RGD peptide alone, before incubating them with MVs isolated from ES cells, failed to prevent MV-induced FAK and JNK activation ([Fig. 3c](#f3){ref-type="fig"}, first and third panels). Similarly, treatment with the YIGSR peptide was not sufficient to block MV-stimulated FAK activation ([Fig. 3c](#f3){ref-type="fig"}, top panel) and caused only a modest reduction of JNK activity ([Fig. 3c](#f3){ref-type="fig"}, third panel). However, when the two inhibitors were used concurrently, they effectively blocked the ability of MVs to activate these protein kinases ([Fig. 3d](#f3){ref-type="fig"}, first and third panels).

Confirmation that ES cell MVs require fibronectin and laminin to promote trophoblast migration was then obtained from wound closure assays in which the RGD and YIGSR peptides were added together to trophoblasts that were either cultured in serum-free medium, or treated with medium containing ES cell MVs or serum. The addition of these peptides, in combination, but not when added individually, efficiently inhibited MV-promoted trophoblast migration, reducing it to a level comparable to that observed in serum-starved conditions ([Fig. 3e,f](#f3){ref-type="fig"}; [Supplementary Fig. 5a--d](#S1){ref-type="supplementary-material"}). In contrast, however, the exposure of trophoblasts to the combination of purified forms of fibronectin and laminin stimulated their migration to an extent similar to that obtained with full serum treatment ([Supplementary Fig. 5e,f](#S1){ref-type="supplementary-material"}). Taken together, these findings indicate that the extracellular matrix proteins fibronectin and laminin are essential for the ability of ES cell MVs to activate integrin-mediated signalling events necessary for promoting trophoblast migration.

ES cell-derived MVs promote blastocyst implantation
---------------------------------------------------

We next wanted to determine whether the MV-mediated intercellular communication between ES cells and trophoblasts occurs within blastocysts. To demonstrate that this is the case, we took advantage of earlier work by our laboratory showing that plasma membrane-targeted green fluorescent protein (PM-GFP) was capable of being incorporated into MVs generated by cancer cells and then transferred via MVs to recipient cells[@b3]. Duplicate sets of parental E14tg2a.4 ES cells were either mock transfected (Control) or transfected with PM-GFP ([Fig. 4a](#f4){ref-type="fig"}, Experiment 1). The MVs collected from one set of the transfected cells showed a significant incorporation of PM-GFP ([Fig. 4b](#f4){ref-type="fig"}, lanes labelled ES cell MVs, top panel), similar to what we had previously observed for MVs isolated from the highly aggressive MDA-MB231 breast cancer cell line expressing this fusion protein[@b45]. MVs isolated from either the second set of mock-transfected ES cells (Control), or from the ES cells ectopically expressing PM-GFP, were then added to cultures of trophoblasts for 3 h, at which time the trophoblasts were extensively washed before being immunoblotted with a GFP antibody. PM-GFP was clearly detectable in the trophoblasts that had been incubated with the PM-GFP-labelled MVs ([Fig. 4b](#f4){ref-type="fig"}, lanes labelled HTR8/SVneo WCL, top panel).

To further confirm the uptake of ES cell MVs by trophoblasts, basal medium (Control) or ES cell CM was treated with FM1-43fx plasma membrane dye before being subjected to the MV isolation procedure. The MV preparations were incubated with trophoblasts for 3 h, at which time the cells were visualized by brightfield and fluorescence microscopy. While the control-treated trophoblasts failed to exhibit any fluorescence emission ([Fig. 4c](#f4){ref-type="fig"}, panels labelled Control), nearly all of the trophoblasts treated with MVs labelled with FM1-43fx showed detectectable fluorescence ([Fig. 4c](#f4){ref-type="fig"}, panels labelled FM1-43fx ES cell MVs).

We then examined whether MVs derived from ES cells can transfer their cargo to the layer of trophoblasts surrounding the ICM, called the trophectoderm ([Fig. 4a](#f4){ref-type="fig"}, Experiment 2). MVs derived from ES cells ectopically expressing PM-GFP ([Fig. 4b](#f4){ref-type="fig"}, lanes labelled ES cell MVs, top panel) or vehicle alone were injected into the cavity of embryonic day 3.5 (E3.5) blastocysts, and then the blastocysts were visualized by microscopy ∼3 h later. [Figure 4d](#f4){ref-type="fig"} shows bright field images (left panels), fluorescent images (middle panels) and merged images (right panels) of three blastocysts: one injected with vehicle (top panels), one with ES cell MVs expressing PM-GFP (middle panels), and another with HTR8/SVneo trophoblast MVs expressing PM-GFP (bottom panels). GFP signal was not detected in any of the blastocysts injected with the vehicle alone ([Fig. 4d](#f4){ref-type="fig"}, top panel and [Fig. 4e](#f4){ref-type="fig"}). In contrast, GFP signal could be clearly detected in discrete regions along the trophectoderm in 14/16 of the blastocysts injected with ES cell MVs ([Fig. 4d](#f4){ref-type="fig"}, middle panels and [Fig. 4e](#f4){ref-type="fig"}), suggesting that MVs shed from ES cells were indeed capable of being transferred to the trophectoderm. This was not the case, however, for the blastocysts injected with HTR8/SVneo trophoblast MVs, as only 1/20 of these blastocysts had detectable levels of GFP signal along the trophectoderm. Rather, these blastocysts tended to show GFP signal in their ICMs ([Fig. 4d](#f4){ref-type="fig"}, bottom panels).

In addition, the MV-mediated intercellular communication between ES cells and trophoblasts positively impacted the ability of the trophoblasts to undergo implantation. Specifically, we found that injecting E3.5 blastocysts with MVs isolated from ES cells, before surgically placing them into the uteri of surrogate mice, gave rise to a statistically significant enhancement in the likelihood that the blastocysts implanted when compared to blastocysts injected with vehicle alone ([Fig. 4f](#f4){ref-type="fig"}). The raw data and statistical analysis of these results are also included ([Supplementary Table 1](#S1){ref-type="supplementary-material"}).

Discussion
==========

It is becoming increasingly appreciated that EVs provide an important mechanism for cell--cell communication[@b6][@b46]. Thus far, this has been particularly well demonstrated within the context of tumorigenesis, where EVs shed by cancer cells can be transferred to (recipient) cells within the tumour microenvironment and alter their behaviour in ways that drive cancer progression[@b3][@b5][@b12][@b14][@b15][@b30]. However, in recent years, key roles for EVs have also been identified in a number of different physiological contexts, including development and even the earliest stages of embryogenesis[@b47][@b48]. For example, EVs released by uterine cells are being examined for their potential roles in influencing embryo implantation and the establishment of a successful pregnancy[@b49][@b50][@b51], and various studies have demonstrated that blastocysts themselves also generate and shed EVs[@b52][@b53][@b54][@b55]. Moreover, it has been shown that ES cells are capable of generating EVs (that is, exosomes and MVs), which have been suggested to enhance the survival and intrinsic 'stem-ness\' of progenitor cells, as well as transfer their cargo and alter gene expression in recipient fibroblasts[@b1][@b2][@b56][@b57]. Still, we have barely scratched the surface in understanding the full breadth of roles played by EVs in stem cell biology.

We now show that ES cells generate and shed a class of EVs known as MVs that are capable of impacting one of the earliest and most important steps in pregnancy, implantation. Specifically, ES cell MVs make use of the extracellular matrix proteins fibronectin and laminin α5, that are aligned along their outer surfaces, to bind integrin α5β1 and the laminin receptor on trophoblasts. These interactions between ES cell MVs and trophoblasts activate FAK and JNK, within the trophoblasts, thereby promoting trophoblast migration. We further show that ES cell MVs transfer their contents to trophoblasts, as well as directly interact with the trophectoderm layer in the blastocyst state embryo, and when injected into blastocysts, they markedly enhance the ability of blastocysts to undergo implantation ([Fig. 5](#f5){ref-type="fig"}). Thus far, the vast majority of the studies examining the mechanisms that underlie implantation have focused on the communication events that occur between maternal cells and trophoblast cells[@b19][@b20][@b58][@b59][@b60][@b61]. Therefore, to the best of our knowledge, the findings reported here provide the first demonstrations that the embryo can send signals which directly promote trophoblast migration and influence the implantation process. It is worth noting that trophoblasts, like ES cells, produce MVs. However, unlike what we have found for ES cell MVs, trophoblast-derived MVs appear to be incapable of influencing trophoblast migration. This is most likely due to the fact that trophoblast MVs contain significantly less laminin α5 compared with ES cells MVs, thereby making them ineffective in stimulating the signalling activities necessary for promoting trophoblast migration.

The early stages of pregnancy, especially implantation, are vital for successful pregnancies. Complications that arise during implantation are a major cause of infertility, but they can also lead to other serious conditions, such as preeclampsia[@b19]. Infertility is a major health issue, and *in vitro* fertilization is costly and has a relatively low success rates (\<30%)[@b62]. One of the main causes of failure during *in vitro* fertilization is the inability of the embryo to implant[@b62][@b63]. Our findings showing that ES cell MVs enhance implantation rates now raise some exciting possibilities regarding their potential use in therapeutic applications for promoting the natural ability of embryos to successfully implant and establish a pregnancy.

Methods
=======

Antibodies and reagents
-----------------------

Antibodies that recognize the total or phosphorylated forms of JNK (catalogue nos 9252 and 4668), FAK (catalogue nos 3285 and 3283), ERK1/2 (catalogue nos 9102 and 9106) and flotillin-2 (catalogue no. 3436) were from Cell Signaling Technology and used at 1:2,000. The GFP (catalogue no. SC-8334) and Oct3/4 (catalogue no. SC-5279) antibodies were from Santa Cruz Biotechnology and used at 1:500, the Ran (catalogue no. 610340) antibody was from BD Transduction Laboratories and used at 1:1,000, while the Nanog (catalogue no. ab80892) antibody was from Abcam and used at 1:700. The fibronectin (catalogue no. F6140), β-actin (catalogue no. A5316) and laminin α5 (catalogue no. WH0003911M1) antibodies used at 1:1,000, as well as GRGDSP (RGD) peptide and YIGSR peptide were from Sigma-Aldrich. The 0.22 μm Steriflip filters, centrifugal filters, Rac1 antibody (catalogue no. 05-389) used at 1:250, FAK inhibitor III, PD98059, SP600125, embryonic stem (ES) cell-qualified fetal bovine serum (FBS), LIF and M2 medium were from Millipore. The PM-GFP vector was a gift from Tobias Meyer (Addgene plasmid \#21213). The rhodamine-conjugated phalloidin, Oregon green 488 goat anti-mouse secondary antibody, FM1-43fx plasma membrane dye, Lipofectamine, as well as all other tissue culture reagents were from Life Technologies.

Cell culture
------------

E14tg2a.4 mouse ES cells were cultured on gelatin-coated dishes in Glasgow\'s Minimal Essential Medium supplemented with 1 mM sodium pyruvate, non-essential amino acids, 55 μM β-mercaptoethanol, 15% ES cell-qualified FBS and 1,000 U ml^−1^ LIF. HTR8/SVneo trophoblast cells, which were a gift from Charles Graham (Queen\'s University, Kingston, ON), were cultured in RPMI-1640 medium supplemented with 5% FBS.

Concentration of CM and MV isolation
------------------------------------

One 150-mm dish of nearly confluent ES cells (∼4.0 × 10^7^ cells) was rinsed several times with PBS and incubated in serum- and LIF-free medium for 5 h. The CM was removed from the cells, and first centrifuged at 300*g* for 10 min to pellet intact cells, and again at 3,000*g* for 20 min to remove cell debris. The partially clarified medium was concentrated to 1 ml using a centrifugal filter with a nominal molecular weight limit of 10 kDa and then added to recipient cells. As a control for the experiments involving CM, an equivalent volume of base medium (that is, ES cell medium lacking serum and LIF) was concentrated and then added to recipient cells. To isolate MVs, the CM from two nearly confluent 150-mm dishes of ES cells (∼8.0 × 10^7^ cells) was partially clarified as described above, filtered through a 0.22-μm Steriflip filter unit (Millipore), and then washed with 10 ml of PBS. If being used in biological assays, the MVs retained by the filter were resuspended in 1.5 ml of serum-free medium, treated with inhibitors or peptides if indicated, and added to ∼2.0 × 10^5^ trophoblasts. As a control for all experiments involving MVs, the same medium that the MVs were resuspended in was added to another set of recipient cells. When used to generate lysates, the MVs were lysed with mammalian lysis buffer (25 mM Tris, 100 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 1 mM NaVO~4~, 1 mM β-glycerol phosphate, 1 μg ml^−1^ aprotinin and 1 μg ml^−1^ leupeptin) directly off the filter.

Signalling experiments in trophoblasts
--------------------------------------

Serum-starved trophoblasts were trypsinized, counted, and ∼2.0 × 10^5^ cells were placed into two different tubes. The cells were centrifuged at 300*g* for 5 min, and the pelleted cells were then resuspended in serum-free medium supplemented without or with either CM or MVs isolated from ES cells. Following the indicated lengths of incubation, the cells were re-pelleted and lysed in mammalian lysis buffer. For the MV transfer experiments, MVs isolated from ES cells expressing the vector alone or PM-GFP or ES cell MVs treated with FM1-43fx were added to ∼2.0 × 10^5^ adherent trophoblasts for 3 h, at which time the trophoblasts were lysed in mammalian lysis buffer or fixed with 3.7% formaldehyde in PBS for 20 min, as indicated.

Immunoblot analysis
-------------------

Protein concentrations of MV and cell lysates were determined using the Bio-Rad DC protein assay. For the immunoblots where MVs were analysed, 5 μg of MV lysate and WCL was used. For the immunoblots where the signalling activity of various proteins was determined, 15 μg of each lysate was used. Equal concentrations of lysates were resolved by SDS--PAGE and then transferred to PVDF membranes. The membranes were incubated with the indicated primary antibodies diluted in 20 mM Tris, 135 mM NaCl, and 0.02% Tween 20 (TBST). Primary antibodies were detected with HRP-conjugated secondary antibodies (Cell Signaling Technology), followed by exposure to ECL reagent. Where indicated, changes in protein phosphorylation were determined by normalization to total protein levels using ImageJ. In the cases where P-JNK and P-ERK levels were determined, both isoforms of JNK (JNK1/2: 46 and 54 kDa) and ERK (ERK1/2: 42 and 44 kDa) were used. All images shown in the manuscript were cropped, but images of the full, uncropped blots used in each figure can be viewed in [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}.

Mass spectrometry
-----------------

Lysates of MVs isolated from E14tg2a.4 ES cells (30 μg) were resolved by SDS--PAGE and then stained with a Colloidal Blue Staining kit. The proteins were excised from the gel and trypsin-digested. Cornell\'s Proteomics Facility analysed the resulting peptide fragments using a triple quadrupole linear ion trap (4000 Q Trap) online LC/MS/MS system (Applied Biosystems/MDS Sciex) or the Synapt HDMS system (Waters). Proteins were identified by performing peptide alignment searches using the NCBI mouse RefSeq protein database.

Fluorescence microscopy
-----------------------

To visualize MVs on the surfaces of ES cells and trophoblasts, cultures of cells were incubated with 5 μg ml^−1^ FM1-43fx plasma membrane dye diluted in PBS for 1 min, fixed in ice-cold 3.7% formaldehyde, and then rinsed with PBS before being analysed by fluorescence microscopy. To visualize leading edges on trophoblasts, cultures of cells that had been treated as indicated were fixed with 3.7% formaldehyde, permeabilized with 0.1% Triton X-100, and then blocked with 10% bovine serum albumin. The cells were incubated with a Rac1 antibody, washed, and then incubated with an Oregon Green 488-conjugated secondary antibody, rhodamine-conjugated phalloidin to stain F-actin, and DAPI to label nuclei. The cells were then visualized by fluorescence microscopy. All images of the cells were captured and processed using IPLABS software.

Dynamic light scattering
------------------------

To determine the sizes of EVs by DLS analysis, CM or MV preparations were loaded into microcuvettes and analysed for particle size using a Zetasizer (Malvern Nano ZS; He-Ne laser; 173° backscattered light detection). At least three independent experiments were performed for each condition analysed, and each result shown represents an average of three runs, with at least five measurements being taken per run.

Transmission electron microscopy
--------------------------------

Five microlitres of a MV preparation resuspended in PBS were added to a carbon-coated, 300-mesh copper grid and then stained with 1.75% uranyl acetate. Once dry, the samples were imaged using the FEI T12 Spirit 120 kV field emission transmission electron microscopy at Cornell\'s Center for Materials Research (CCMR), supported by NSF MRSEC award number: NSF DMR-1120296.

Wound closure (migration) assays
--------------------------------

Wounds were struck through confluent monolayers of serum-starved trophoblasts using a pipet tip. The cells were rinsed with PBS, placed in the indicated culturing conditions, and allowed to migrate for 12 h. The cells were then fixed in 3.7% formaldehyde. The extent of wound closure for each condition was imaged and plotted.

Blastocyst collection and outgrowth assays
------------------------------------------

Experiments were performed as described previously[@b35]. In brief, post-coital day 3.5 female BALB/c and B6-2J mice between 8 and 20 weeks old (Jackson Laboratory) were killed and their uteri removed. The uteri were flushed with M2 medium to remove the blastocysts, which were then cultured on gelatin-coated dishes in Dulbecco\'s Minimal Essential Medium supplemented with 10% FBS, non-essential amino acids, 55 μM β-mercaptoethanol, 100 U ml^−1^ penicillin, and 100 μg ml^−1^ streptomycin and treated as indicated. Once the blastocysts attached to the dish and spread, they were fixed and stained with rhodamine-conjugated phalloidin. Images of the blastocysts were captured and processed using IPLABS software, and the areas of blastocyst outgrowth were determined using ImageJ.

Microinjection of blastocysts and determination of implantation rates
---------------------------------------------------------------------

Isolated blastocysts were injected with MVs derived from ES cells or HTR8/SVneo trophoblasts ectopically expressing PM-GFP or vehicle (PBS) by Cornell\'s Induced Pluripotent Stem Cell Core Facility, supported by NYSDOH contract no. C029155. The blastocysts were incubated in blastocyst culturing medium for ∼3 h, at which point they were visualized using light and fluorescence microscopy. For the *in vivo* studies, blastocysts injected with MVs derived from parental ES cells were surgically placed in the left uterine horn of B6-2J pseudo-pregnant recipient mouse between 8 and 20 weeks old (Jackson Laboratory), while an equal number of blastocysts injected with vehicle alone (PBS) were placed in the right uterine horn of the same mouse. Three days later the mouse was killed, its uterus was removed and the percentages of embyros that implanted for each condition was determined. This experiment was carried out on four separate occasions, using a total of 168 blastocysts (84 for each condition) and 12 mice as embryo transfer recipients. All experiments involving mice were carried out in accordance with the Cornell University Institutional Animal Care and Use Committee (IACUC).

Statistical analysis
--------------------

All experiments were performed a minimum of three independent times. Wound closure assays and western blots were quantified using ImageJ. Many of the results were presented as scatter plots with mean and s.e.m. plotted using GraphPad Prism 6. Student\'s *t*-tests were performed to assess statistical significance in all cases, except for the experiments involving the comparison of implantation rates, for which a Wilcoxon signed-rank test was used. *P*-values ≤0.05 were considered significant and indicated with asterisks, as follows: \**P*≤0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, NS, not significant.

Data availability
-----------------

The authors declare that the data supporting the findings of this study are available within the article and its [Supplementary Information Files](#S1){ref-type="supplementary-material"}.
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![ES cells generate extracellular vesicles.\
(**a**) Serum-starved HTR8/SVneo trophoblasts treated with either ES cell base medium lacking serum and LIF (Base medium) or with the CM from E14tg2a.4 mouse ES cells cultured in the same medium (ES cell CM) were immunoblotted for phosphorylated FAK (P-FAK), JNK (P-JNK), and ERK (P-ERK). The blots were also probed for total FAK, JNK and ERK. The ratio of each phospho-protein/total protein pair examined was determined and included on the blots. (**b**) Images were taken of wound closure assays performed on HTR8/SVneo cells cultured in ES cell base medium (Base medium), the CM collected from ES cells cultured in the same base medium, or medium containing 1% serum. The dashed line indicates the width of the original wound. Scale bar, 250 μm. (**c**) The assays in (**b**) were quantified and plotted as relative area of open wound. (**d**) Dynamic light scattering plot of the E14tg2a.4 ES cell CM clarified of cells and debris. Note the detection of a ∼30-nm exosome peak and a ∼450-nm MV peak in the CM. (**e**) Procedure for isolating MVs from CM. (**f**) Dynamic light scattering plot of the MV preparation from the E14tg2a.4 ES cell CM. Note the detection of a single peak of ∼600 nm. (**g**) Fluorescence microscopy image of ES cells stained with the membrane dye FM1-43fx. Some of the MVs are denoted with arrowheads. Scale bar, 20 μm (**h**) The percentage of cells in **g** with detectable levels of MVs on their surfaces was determined. (**i**) Lysates of ES cells (whole cell lysate, WCL) and the MVs generated by these cells were immunoblotted for the MV marker flotillin-2, the cytosolic-specific marker FAK, and β-actin as the loading control. All values shown are presented as mean±s.e.m. (*n*≥3 independent experiments for each assay). Differences were analysed using Student\'s *t*-test; \**P*\<0.05.](ncomms11958-f1){#f1}

![Trophoblasts treated with MVs from ES cells acquire a migratory phenotype.\
(**a**) Immunoblot of serum-starved HTR8/SVneo trophoblasts treated with serum-free medium supplemented with MVs from ES cells for the indicated lengths of time. The ratio of each phospho-protein/total protein pair examined was determined and included on the blots. (**b**) HTR8/SVneo trophoblasts were incubated with serum-free medium supplemented without (Serum-free medium) or with MVs isolated from ES cells (ES cell MVs) for 1 h, at which time the cells were stained for Rac1 and F-actin using rhodamine-conjugated phalloidin. Images of the cells are shown. Arrowheads denote leading edges. Scale bar, 20 μm. (**c**) The percentages of cells in **b** with leading edges were determined. (**d**) Images of wound closure assays performed on HTR8/SVneo cells cultured in serum-free medium supplemented without (Serum-free medium) or with either MVs from ES cells (ES cell MVs) or 1% serum. The dashed line indicates the width of the original wound. Scale bar, 250 μm. (**e**) The assays in **d** were quantified and plotted as the relative area of open wound. (**f**) E3.5 blastocysts were harvested and placed in dishes containing blastocyst culturing medium supplemented without (Control) or with ES cell MVs. Two days later, the blastocysts were stained with rhodamine-conjugated phalloidin and visualized by fluorescence microscopy. Images of the blastocysts are shown. Scale bar, 100 μm. (**g**) The assays in **f** were quantified and graphed as relative area of blastocyst outgrowth. (**h**) Images of wound closure assays performed on HTR8/SVneo cells cultured in serum-free medium supplemented without (Serum-free medium), or with either trophoblast MVs or 1% serum. The dashed line indicates the width of the original wound. Scale bar, 250 μm. (**i**) The assays in **h** were quantified and plotted as the relative area of open wound. All values shown are presented as mean±s.e.m. (*n*≥3 independent experiments for each assay). Differences were analysed using Student\'s *t*-test; \**P*\<0.05, \*\**P*\<0.01, NS, not significant.](ncomms11958-f2){#f2}

![Fibronectin and laminin mediate MV-promoted trophoblast migration.\
(**a**) Mass spectrometry was performed on MVs isolated from ES cells. The 10 most abundant proteins identified are listed. Arrows highlight proteins predicted to most likely mediate the migration-promoting effects of MVs. (**b**) Lysates of ES cells (WCL), and the MVs that they generated (MVs), were immunoblotted for fibronectin, laminin α5, the MV marker flotillin-2, the cytosolic-specific protein FAK, and β-actin, as a loading control. (**c**,**d**) Serum-starved HTR8/SVneo trophoblasts were treated with PBS (Vehicle) or with either (**c**) the fibronectin inhibitory peptide RGD or the laminin inhibitory peptide YIGSR or (**d**) a combination of the two inhibitors. The cells were then stimulated with ES cell MVs for ∼30 min before being lysed and immunoblotted for phosphorylated and total FAK and JNK. The ratio of each phospho-protein/total protein pair examined was determined and included on the blots. Note only the combination of RGD and YIGSR blocked integrin-mediating phosphorylation of FAK and JNK. (**e**) Images were taken of wound closure assays performed on HTR8/SVneo cells cultured in serum-free medium supplemented with the vehicle (top panels) or the RGD- and YIGSR-inhibitory peptides (bottom panels). Each culturing condition was further treated without (Serum free medium) or with either MVs from ES cells (ES cell MVs) or 1% serum. The dashed line indicates the width of the original wound. Scale bar, 250 μm. (**f**) The assays in **e** were quantified and plotted as the relative area of open wound. All values shown are presented as mean±s.e.m. (*n*≥3 independent experiments for each assay). Differences were analysed using Student\'s *t*-test; \**P*\<0.05, \*\**P*\<0.01.](ncomms11958-f3){#f3}

![MVs from ES cells are transferred to trophoblasts and promote implantation.\
(**a**) Description of experiments (Experiment 1 and 2) conducted to demonstrate that MV cargo is transferred to trophoblasts. (**b**) Experiment 1; MVs from mock-transfected ES cells (Control) or ES cells ectopically expressing PM-GFP were isolated and then either lysed or resuspended in medium. Lysates of the transfectants (ES cell WCL, lanes 1 and 2), and their MVs (ES cell MVs, lanes 3 and 4), were immunoblotted for GFP, the MV marker flotillin-2, the cytosolic-specific marker FAK, and β-actin, as a loading control. The MVs resuspended in medium were added to trophoblasts for 3 h, at which time the cells were extensively washed, lysed, and immunoblotted as indicated (HTR8/SVneo WCL, lanes 5 and 6). (**c**) Trophoblasts treated for 3 h with basal medium (Control) or ES cell CM treated with FM1-43fx plasma membrane dye before being subjected to the MV isolation procedure were fixed and visualized by brightfield and fluorescence microscopy. The scale bar is 50 μm. (**d**) Experiment 2; PBS (Control, top panels), or MVs derived from either ES cells (middle panels) or HTR8/SVneo trophoblasts (bottom panels) ectopically expressing PM-GFP were injected into E3.5 blastocysts. Three hours later bright field (left panels), fluorescence (GFP, centre panels), and merged images (right panels) of the blastocysts were taken. The ICM and trophectoderm (Troph.) in the blastocysts are labelled, as is the GFP signal detected within the blastocysts (arrowheads). Scale bar, 50 μm. (**e**) The ratio of blastocysts in **d** with detected levels of GFP signal in their trophectoderm. (**f**) E3.5 blastocysts were injected with either a PBS vehicle control or MVs from ES cells. The vehicle alone-injected blastocysts were surgically placed into the right uterine horn of a surrogate mouse, while the blastocysts injected with MVs were placed in the left uterine horn of the same mouse. Three days later, the uteri were harvested and the rate of implantation for each condition/mouse was determined and plotted as color-coded pairs. A total of 168 blastocysts and 12 surrogate mice were used in four independent experiments. Differences were analyzed using Wilcoxon signed-rank test; \**P*≤0.05.](ncomms11958-f4){#f4}

![Diagram showing how ES cells communicate with trophoblasts to promote embryo implantation.\
In the blastocyst stage embryo, the ES cells reside in the ICM and are surrounded by trophoblasts (left image). While it is known that the trophoblasts in the blastocyst respond to signals emanating from the mother to migrate and invade into the uterus (implantation), we have discovered that ES cells also contribute to this process by generating MVs (right image). The MVs are capable of activating signalling events in trophoblasts that enhance their ability to migrate.](ncomms11958-f5){#f5}
